INTRODUCTION {#SEC1}
============

Short tandem repeats (STRs), or microsatellites, are DNA sequences, typically less than 100-bp long, in which motifs of 1--6 bp are repeated in tandem. They are abundantly distributed across the genomes of prokaryotic and eukaryotic organisms, making up around 3% of the human genome ([@B1]). This abundance is assumed to relate to their frequent change of length mutations, but our understanding of the evolutionary processes involved is far from complete ([@B2],[@B3]). The traditional assumption that microsatellite mutations are mechanistically simple and selectively neutral is increasingly being undermined by work demonstrating diversity in both mutational mechanisms and functions. The significance of microsatellite function in particular is receiving burgeoning recognition. Microsatellite length mutations are responsible for, or strongly implicated in, over 40 human neurological disorders and diseases ([@B4]) and associations have also been observed with other complex diseases and traits ranging from social behavior to cell wall construction ([@B5]). A landmark paper examining the genome-wide expression of quantitative trait loci showed that at least 10--15% of the heritability of human gene expression levels attributable to common variants in *cis* is due to microsatellite polymorphism ([@B9]). Other evidence indicates functional roles for STRs in gene--enhancer interaction, alternative splicing, chromatin packaging, nuclear organization and recombination ([@B10]). Methods for identifying functional STRs focus on evidence of selective constraint, which requires assumptions about how they evolve ([@B14]). Understanding STR evolution also has ongoing practical value where STRs continue to be employed for gene mapping, population and conservation genetics, forensics and parentage analyses ([@B15],[@B16]).

It has long been known that models of STR evolution are overly simplistic, with both empirical and theoretical studies indicating the potential for substantially greater complexity ([@B2],[@B17]). Mutation rates vary widely among loci, and while this variation can be partly accounted for by the higher mutability of longer and more uniform microsatellites, or of some particular repeat motifs, a large proportion of it is context dependent and cannot be fully explained ([@B2],[@B20],[@B22]). Another incompletely understood phenomenon is variation in the magnitude of mutations. Most STR mutations involve the gain or loss of one or two repeat units, but larger multi-step mutations do occur, sometimes more frequently than single step mutations ([@B4],[@B22]).

One possible source of STR mutation rate variation derives from the wealth of mutational mechanisms that can act on these loci. The established assumption is that strand slippage during DNA replication is the predominant mechanism of microsatellite mutation ([@B2],[@B25]), but this simple view is challenged by the observation that STR mutation rates predicted from polymorphism levels in the human genome are substantially higher than experimentally measured rates of slippage mutation ([@B20]). The standard slippage model is also shown to be insufficient by observations that tandem repeats originate with duplications of adjacent sequence, which suggest the involvement of double-strand break (DSB) repair by non-homologous end joining ([@B26]). Other possible mutational mechanisms include recombination-linked processes, such as meiotic gene conversion ([@B17],[@B18],[@B21],[@B27]). Existing evidence for these is patchy, in part because studies of such processes are extremely rare and limited in scope. In the human genome, early studies found no correlation between STR polymorphism and recombination rate measured across broad scales ([@B28],[@B29]). A later study focused on recombination hotspots found that elevated microsatellite polymorphism within hotspots could be explained statistically by other types of polymorphism nearby, suggesting contextual influences on polymorphism in general ([@B30]). Nevertheless, multiple lines of evidence indicate that the link between STRs and recombination deserves further study. First, the two are often spatially associated on chromosomes. Positive correlations have been reported in human, mouse and rat when meiotic recombination rate is measured across megabase scales ([@B31],[@B32]), though not at the fine scale of hotspots ([@B33]) and a strong enrichment of microsatellites in meiotic DSB-rich regions has been observed in the yeast *Saccharomyces cerevisiae* ([@B34]). Second, in *S. cerevisiae*, presence of a microsatellite has been shown to affect frequency of recombination ([@B10],[@B27],[@B35],[@B36]), so this association could be due to a functional relationship. While some specific sequences are known to be involved in generating recombination hotspots, these also occur in non-hot regions and the determinants of hotspot location are far from being fully understood ([@B33],[@B37]). Third, supporting the idea that a mutagenic role for recombination may also drive its spatial association with STRs, heterozygosity has been shown to correlate with STR mutability in several organisms, presumably due to recombination or recombination-related mechanisms, such as error-prone DNA synthesis during heteroduplex repair ([@B41],[@B42]). Furthermore, while it has been shown that unequal crossover mutates microsatellites very rarely or not at all, meiotic gene conversion has been implicated as a mutational mechanism in disease-causing trinucleotide microsatellite expansions, and in mutations of the tandem repeats of 10--60 bp motifs known as minisatellites ([@B43]). Evidence that mutagenic effects of recombination are not confined to these repeat types has also been seen. In *S. cerevisiae*, high meiotic instability was observed for a poly-AC repeat inserted into the ARG4 recombination hotspot region ([@B27]). This is thought to be uncommon for most STRs, due mainly to observations of unchanged mutational frequency in recombination deficient bacteria ([@B25]), but direct tests have only been performed on a very small number of loci.

Studies of trinucleotide repeat instability have also demonstrated the mutagenic potential of other mechanisms that involve single-stranded DNA, including transcription and some DNA repair processes ([@B19],[@B47]). In one example, transcription-mediated microsatellite instability was influenced by the location of the nearest replication origin ([@B48]). There is also some previous evidence that the simultaneous transcription of both strands (antisense transcription) can stimulate STR mutation synergistically ([@B19]). Moreover, open chromatin and transcription factor binding have both been linked to recombination hotspot activity ([@B49],[@B50]), suggesting that transcription could mediate the link between microsatellites and recombination hotspot-containing regions.

Here, we examine directly the roles of recombination, transcription and other forces in the evolution of STRs by comparing the frequency and nature of mutations observed at \>200 loci over 700 generations of evolution in essentially identical strains of the yeast *S. cerevisiae* that variously do and do not engage in sex, and thus recombination. *Saccharomyces cerevisiae* is an ideal system in which to undertake such an experiment because it can be readily cultured for multiple generations in reasonable timeframes ([@B51]) and it can also be forced to grow either sexually or asexually due to the presence/absence of two key meiotic control genes (SPO11 and SPO13 ([@B52],[@B53])). As one of the most extensively studied eukaryotes, it also allows the influence of contextual factors to be readily evaluated.

MATERIALS AND METHODS {#SEC2}
=====================

Our workflow is shown in Figure [1](#F1){ref-type="fig"}.

![Outline of the workflow for this study.](gkx1253fig1){#F1}

Yeast strains {#SEC2-1}
-------------

*Saccharomyces cerevisiae* strains were derived from the haploid DH89α, *ho* strain, which in turn was derived from the Y55 wild-type strain ([@B54]). We obtained both sexual and asexual strains from Dr Mat Goddard (University of Auckland, New Zealand), who constructed the asexual strain as described previously ([@B54]). We were provided eight separate replicate populations of each of the sexual and asexual strains (16 populations in total) that were propagated under continuous culture in glucose-limited chemostats ([@B54]). Each population had been initiated from a single colony and subjected to regular cycles of vegetative growth punctuated by sporulation as described previously ([@B54]). This was run for 14 cycles of growth and sporulation, which is equivalent to ∼700 vegetative generations.

DNA extraction {#SEC2-2}
--------------

For each of the 16 populations at the end of the culture experiment (i.e. 700th generation, G700), genomic DNA was extracted from a yeast colony regrown in a liquid yeast extract peptone dextrose (YPD) medium overnight as detailed in Zavodna *et al.* ([@B55]). In addition, DNA was extracted for both sexual and asexual strains from the initial colony at the beginning of the culture experiment (see above), which we subsequently refer to as generation zero (G0).

Selection of microsatellite loci {#SEC2-3}
--------------------------------

We initially targeted 255 species-specific microsatellite loci as previously identified ([@B54]). Our criteria for microsatellite selection included intergenic location and a minimum copy number of six for di- and trinucleotide repeats and four for motif lengths of 4--6 bp. We focused on intergenic regions (IGRs) in view of evidence that yeast meiotic recombination is most concentrated between genes ([@B56],[@B57]). Nine compound repeats were excluded from the initial dataset of 255 loci (thus leaving 246 loci) because compound repeats show patterns of evolution that are convergent, complex and poorly understood ([@B58]). A compound repeat was defined as two or more microsatellites separated by 5 bp or less. Long microsatellites are relatively uncommon in yeast, and 72% of STRs in this dataset had 4--10 repeat units. Our statistic for microsatellite uniformity (fidelity to the consensus motif) was defined as the number of mismatches per total length and ranged from 88--100%. Locus selection aimed to maximize the number of STRs from regions known to be active in meiotic recombination. We were able to include 57 microsatellites located within DSB hotspots ([@B56]) and 20 from hotspots of crossover and gene conversion ([@B57]), of which nine were not in DSB hotspots.

In addition to our study of microsatellite mutability, we examined associations between STR densities and genomic features, including DSB/recombination hotspots and promoters. For these tests, we used larger dataset of 2241 microsatellites identified in the *S. cerevisiae* genome (strain S288c, GenBank NC_001133 through NC_001148) using a program written in C as described in Bagshaw *et al.* ([@B34]). The criteria for this STR selection were the same as described above. Microsatellite density was defined as the number of bases per region covered by microsatellites divided by the length of the region.

Genotyping and sequence analysis {#SEC2-4}
--------------------------------

For each of the 18 populations (16× G700 and 2× G0), 246 microsatellite loci were amplified by individual polymerase chain reaction using barcoded fusion primers and conditions as described previously ([@B55]). All purified amplicons were pooled and sequenced on a GS FLX 454-sequencing platform at the High Throughput Sequencing Service (University of Otago, New Zealand). The obtained reads were analyzed to detect insertion and deletion polymorphism (InDel) using CLC Genomics Workbench 6.0.5 (*CLC bio*). Detected variants were filtered as detailed in Zavodna *et al.* ([@B55]) and only InDels with length of 2 bp and greater located within microsatellites (as defined above) were further considered. Subsequently, InDel variants detected in each G0 population were compared with those detected in each of the respective G700 populations: for each variant, we recorded position, type (deletion or insertion) and length (bp). The variants that differed in at least one of these characteristics between G0 and each G700 were included in the final InDel dataset. Since yeast is a unicellular organism, we allowed multiple types of InDel per locus in a given population. For each of the 16 populations, our final dataset therefore comprised only InDels that arose in the course of the experiment, i.e. in 700 generations. While we cannot rule out back-mutation, or the conflation of multiple mutations into apparent multi-step changes, we have no reason to think that these would bias our principal conclusions.

Recombination hotspot, transcription and replication origin data {#SEC2-5}
----------------------------------------------------------------

While DSBs are the initiating lesions in meiotic recombination, they do not always result in a detectable recombination event, and when they do, the event is often finalized at some distance from the DSB ([@B56],[@B57]). We therefore used *S. cerevisiae* recombination hotspot maps from two different studies: one was based on DSBs ([@B56]) and the other on crossover and non-crossover recombination events ([@B57]). The DSB study identified 3600 hotspots, around 15-fold more than the crossover/non-crossover recombination study and many of these DSB hotspots were of very low intensity. Hence, we also identified and used in our statistical tests DSB hotspots of above-average intensity. To distinguish between the results based on these two studies, we further refer to the Pan *et al.* ([@B56]) data as DSB hotspots and the Mancera *et al.* ([@B57]) data as recombination hotspots.

Our transcription data derived from two studies: one that profiled *S. cerevisiae* S288C-based strain YJM789 transcriptomes using tiling arrays ([@B59]) and another that performed RNA-seq on the *S. cerevisiae* Y55 strain ([@B60]). The former was a comprehensive study of transcript abundance, which included the normally undetectable cryptic unstable transcripts (CUTs), and we also used the latter study due to the greater similarity of its tested strain to our studied strain. All of our studied STR loci are present in the strains examined by both studies. For the tiling array data, values for transcriptional intensity at STR loci were first averaged strand-wise for each locus over the three replicates in YPD medium and the results for the two strands were then added to give level of transcription for each microsatellite. RNA-seq reads were aligned to the Y55 reference sequence using Bowtie 2 ([@B61]) with 'sensitive' settings and the constraint that no read should align to more than one location. Coverage for each microsatellite was then calculated using Bam-readcount (<https://github.com/genome/bam-readcount>).

The locations of replication origins (autonomously replicating sequences) were downloaded from the *Saccharomyces* DNA Replication Origin Database (<http://cerevisiae.oridb.org>) and we restricted our analyses to the 352 'confirmed' origins of replication.

Statistical analyses {#SEC2-6}
--------------------

Statistical analyses were performed using R (version 3.03). Unless otherwise stated, we used quasi-binomial family generalized linear models (GLM) to simultaneously assess multiple influences on microsatellite mutational frequency. This test was chosen to reflect the binomial nature of the data (whether reads were variant or non-variant) while allowing for the extra dispersion expected to result from the dual influences on the number of variant reads of earlier and more frequent mutation. In addition to *P*-values, we report *T-* (or *Z-*) values as indicators of relative effect size.

For the 35 primary independent statistical hypotheses considered for this study, the Bonferroni-corrected α level was 0.0014. However, while this is well above the *P*-values for the vast majority of our principal results, it is nevertheless extremely conservative for a study in which the majority of hypotheses were confirmatory or otherwise well founded ([@B62]). We therefore applied a Benjamini--Hochberg correction ([@B63]) with a false discovery rate of 0.05. We have noted non-significance for *P*-values that did not withstand this correction.

RESULTS {#SEC3}
=======

Microsatellite mutability in sexual and asexual strains {#SEC3-1}
-------------------------------------------------------

Of 246 microsatellite loci sequenced for each *S. cerevisiae* population, 200 were covered with at least the minimum 25 reads required to infer the presence or absence of a mutational change in one or more populations. Across the 16 populations, our data covered 2469 potential sites of mutation (microsatellites × populations), 676 of which were mutated at least once after 700 generations (Table [1](#tbl1){ref-type="table"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Some of these were mutated more than once and in total, we observed 811 InDel mutations. There was a small excess of deletions (56%), and 27% of the mutations involved multiple repeat units ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Initially comparing sexual with asexual strains we found that the number of potential sites of mutation with at least one microsatellite InDel did not differ between the two (*χ*^2^ = 0.39, *P* = 0.56; Table [1](#tbl1){ref-type="table"}).

###### Distribution of microsatellite mutations between sexual and asexual strains

  Mutated   Asexual   Sexual
  --------- --------- --------
  No        943       850
  Yes       346       330

Numbers refer to potential sites of mutation (microsatellites × populations).

We then used generalized linear models to test the influences of properties of mutations, microsatellites and contextual factors (Table [2](#tbl2){ref-type="table"}). Sexual capability was not a significant predictor of mutational frequency in the model shown in Table [2](#tbl2){ref-type="table"} (*T* = 1.4, *P* = 0.16).

###### Results from a generalized linear model predicting frequency of microsatellite mutation, defined as number of variant reads per total number of reads

  Predictor              *T*-value   *P*-value
  ---------------------- ----------- ---------------
  Asexual/sexual         1.4         0.16
  Copy number            15          \<2 × 10^−16^
  Uniformity             10.8        \<2 × 10^−16^
  Motif length           −9.6        \<2 × 10^−16^
  Motif GC-content       −4.9        9.9 × 10^−7^
  \# Promoters           −3.5        0.00053
  Transcript abundance   5.0         8.0 × 10^−7^

Transcript abundance was from tiling array data by Xu *et al.* ([@B59]). Null deviance from the model was 179 on 2168 degrees of freedom and residual deviance was 128 on 2161 degrees of freedom. The variance inflation factors were \<1.3 for all predictors.

Effects of microsatellite motif and sequence properties {#SEC3-2}
-------------------------------------------------------

As expected based on many previous studies ([@B2]) repeat copy number and uniformity were positive predictors of mutational frequency, and motif length and motif GC-content were negative predictors (Table [2](#tbl2){ref-type="table"}). Mutational frequency differed by repeat motif (*F* = 45, *P* \< 2 × 10^−16^ by ANOVA, Table [3](#tbl3){ref-type="table"}). Testing the effect of sexual capability in the context of the Table [2](#tbl2){ref-type="table"} model for each of the six motif groups (Table [3](#tbl3){ref-type="table"}), we found no significant positive link with mutational frequency.

###### Microsatellite mutability by motif

  Motif   \# Loci   Proportion of loci mutated   Mean frequency
  ------- --------- ---------------------------- ----------------
  AAAT    155       0                            0
  AAT     149       0.25                         0.02
  AT      1607      0.36                         0.04
  AC      153       0.24                         0.04
  AG      76        0.22                         0.03
  Other   329       0.012                        0.0007

Motifs were grouped, for example AC, CA, TG and GT were all called AC, any four bp motif with three A's and one T or one T and three A's was called AAAT, etc. 'Loci' refers to potential sites of mutation (microsatellites x populations) as in Table [1](#tbl1){ref-type="table"}. Frequency was number of variant reads per total number of reads.

STRs are not more mutable in recombination hotspots {#SEC3-3}
---------------------------------------------------

STR mutational frequency showed negative associations with meiotic DSB hotspots (*T* = −5.6, *P* = 1.82 × 10^−8^), and with recombination hotspots (*T* = −1.87, *P* = 0.062). These effects remained negative, though non-significant, in our full model. Restricting the analyses to DSB hotspots of above-average intensity, or using hotspot intensity as a predictor instead of hotspot presence/absence, did not change the negative direction of the effect.

Effects of contextual factors {#SEC3-4}
-----------------------------

In *S. cerevisiae*, recombination hotspots and nearby areas tend to have elevated GC-content ([@B56],[@B64]), and flanking GC-content has been linked to microsatellite mutability ([@B65],[@B66]). We found that the GC-content of regions (±50 bp) flanking the STRs was a weak positive predictor of mutational frequency when added to the full model (*T* = 2.2, *P* = 0.03). Its inclusion had very little effect on the other predictors.

To control for the possible influence of telomeres, near which recombination is less frequent in *S. cerevisiae* ([@B56]), and to rule out confounding of our results by unknown positional influences, we also tested the influence of distance to the nearest telomere. Its effect was negative (*T* = −3.6, *P* = 0.0003 in the full model) and its inclusion did not significantly alter the magnitudes of the other predictors.

Transcription increases STR mutability {#SEC3-5}
--------------------------------------

All of our 200 microsatellites were located in IGRs, but only four of them were not transcribed based on tiling array data, with a further 31 immeasurable. This was not surprising because we did not include 3′ UTRs in our definition of genes, IGRs in *S. cerevisiae* average only 550 bp, and many of its promoters are bidirectional ([@B59]). The mean intensity of transcript probes overlapping microsatellites was a significant predictor of mutational frequency in our full model (*T* = 5, *P* = 8 × 10^−7^). The effect was weaker for the 48% of microsatellites with more than eight repeat units (*T* = 2.4, *P* = 0.017) than for those with eight or less (*T* = 4.2, *P* = 2.8 × 10^−5^). RNA-seq-based transcription data showed a slightly weaker level of prediction of mutational frequency by transcript abundance in our full model (*T* = 3.5, *P* = 0.00055). However, although the RNA-seq dataset was based on a strain more similar to the one we studied (Y55), it covered 103 of our 200 microsatellites with less than five reads. Because of the more comprehensive microsatellite coverage given by the tiling array data, which may have been due in part to its inclusion of CUTs, we preferred it for our full model (Table [2](#tbl2){ref-type="table"}). Including sexual capability in this model made \<0.02% difference to the effect size (*T-*value) for the RNAseq dataset and \<0.003% difference for the tiling array dataset, indicating that our sexual and asexual strains did not differ significantly in gene expression levels. The use of either transcription dataset in the model made practically no difference to the effect sizes of the other predictors.

Based on the tiling array data, transcription was a significant positive predictor of whether a mutation was an insertion (*Z* = 4.1, *P* = 4.6 × 10^−5^ by binomial family GLM incorporating all the variables from Table [2](#tbl2){ref-type="table"}), suggesting that its mutational mechanism may be biased toward microsatellite growth. This effect was much stronger than those of the other predictors tested (Table [4](#tbl4){ref-type="table"}). However, the effect was not significant with the RNA-seq data (*Z* = 1.7, *P* = 0.09).

###### Factors influencing whether microsatellite mutations were insertions

  Predictor              *Z*-value   *P*-value
  ---------------------- ----------- --------------
  Asexual/sexual         −2          0.042
  Copy number            0.62        0.53
  Purity                 2.07        0.038
  Motif length           −0.82       0.41
  Motif GC-content       −2.8        0.004
  \# Promoters           0.8         0.43
  Transcript abundance   4.1         4.6 × 10^−5^

Predictors were the same as for Table [2](#tbl2){ref-type="table"}.

The interaction between transcription and number of promoters per IGR was not significant, indicating that the influence of transcription is not dependent on the transcriptional directions of adjacent genes. However, it does appear that the effect of promoters may depend on transcription, since including the interaction term in our full model eliminated the independent effect of promoters, while transcription remained a strong predictor. Transcription and distance to nearest origin of replication did interact significantly, though weakly (*T* = −2.13, *P* = 0.03) in the full model. There was no significant interaction in the full model between transcription and sexual capability.

Microsatellites are enriched near DSB/recombination hotspots {#SEC3-6}
------------------------------------------------------------

In view of the negative association between STR mutability and DSB/recombination hotspots, we asked whether STRs in general were enriched in these regions. Interestingly, we found reduced microsatellite density in DSB hotspots and hotspot-containing IGRs, but 41% enrichment in IGRs containing recombination hotspots. This was significant in a model incorporating the number of promoters in each IGR (*T* = 3.4, *P* = 0.00058). The reduced density in DSB hotspots was contrary to a previous study ([@B34]), which is likely due to that study being based on hotspot open reading frames (ORFs) and their adjacent IGRs, since the actual (or hotter) DSB hotspot IGRs could be located at either ORF end. Based on the much higher resolution DSB map used in our study, we found a 2.1-fold enrichment of microsatellites in DSB hotspot-neighboring IGRs compared with other IGRs (*T* = 9.8, *P* \< 2 × 10^−16^). The level of enrichment was similar for IGRs neighboring DSB hotspots of above-average intensity. On average, it was most evident between 400 and 1700 bp from hotspots (Figure [2A](#F2){ref-type="fig"}). We note that this range is strongly influenced by the lengths of ORFs bordering hotspot-containing IGRs, since we excluded ORFs from the analysis. Microsatellites were also more than 2-fold enriched on average in IGRs neighboring recombination hotspots (*T* = 4.98, *P* = 6.4 × 10^−7^; Figure [2B](#F2){ref-type="fig"}).

![Enrichment of microsatellites in regions neighboring (**A**) DSB hotspots (*n* = 3599) and (**B**) recombination hotspots (*n* = 248). Microsatellite locations were permuted 100 times. Standard errors of the mean for this permutation per 50 bp bin were all \<1.24 for the DSB hotspots and \<0.19 for the recombination hotspots. Telomeric, compound and ORF repeats were excluded from the analysis.](gkx1253fig2){#F2}

Microsatellites are underrepresented in promoter regions {#SEC3-7}
--------------------------------------------------------

The elevated microsatellite density in hotspot-neighboring IGRs was partially mediated by the transcriptional directions of adjacent genes. Our data showed that microsatellite densities were highest in IGRs with convergent adjacent genes and no promoters (0.023), second highest in single-promoter IGRs (0.0097) and lowest in double-promoter IGRs with divergent transcription (0.0055), indicating a strong aversion to promoter-containing IGRs (*F* = 89, *P* \< 2 × 10^−16^ by ANOVA). The association between STR density and IGRs neighboring DSB hotspots of above-average intensity remained significant when controlling for number of promoters per IGR, though it was reduced (*T* = 4.5, *P* = 6.6 × 10^−6^). The number of promoters had very little effect on the enrichment of STRs in recombination hotspot-neighboring IGRs (*T* = 4.5, *P* = 5.9 × 10^−6^).

Effects of neighboring DSB/recombination hotspots and promoters {#SEC3-8}
---------------------------------------------------------------

Given the effects of recombination hotspot-neighboring location, and the transcriptional direction of adjacent genes, on microsatellite density, we investigated whether these contextual factors influenced STR mutability. Our analysis comprised 138 DSB hotspot-neighboring microsatellites, including loci in IGRs neighboring (one ORF distant from) hotspot-containing regions and loci from the same IGR as a hotspot but not within the hotspot. Microsatellites in these IGRs showed elevated mutational frequency compared with those in other IGRs (*T* = 5.1, *P* = 3.16 × 10^−7^), but this was much weaker in our full model (*T* = 2.1, *P* = 0.0371). The number of promoters per IGR was a negative predictor of mutability in our full model (*T* = −3.5, *P* = 0.00053; Table [2](#tbl2){ref-type="table"}).

DISCUSSION {#SEC4}
==========

The primary aim of our experimental design was to estimate the magnitude of the effect of recombination on STR mutability. Mancera *et al.* ([@B57]) estimated that between 92 and 320 kb is involved in meiotic crossover and gene conversion tracts per meiosis in *S. cerevisiae*, and the average of 206 kb would cover \>70% of recombination hotspots identified by that study. Given that we included a total of 68 microsatellites from recombination and/or DSB hotspots, and estimated mutability over 700 generations, our estimates should provide a reliable demonstration of the lack of mutagenic effect of recombination on STRs.

Although selection has the potential to bias our results, it is very unlikely that it did so to a significant degree. Our strains and culture conditions were used by a previous study in which no selection for beneficial mutations could be detected ([@B54]). Presumably, there would still have been some purifying selection clearing deleterious mutations as they arose, but this did not result in detectable fitness differences between sexual and asexual strains ([@B54]). Furthermore, were the effects of selection significant, we would expect to have seen increased variation in recombination hotspots ([@B30]), where it was in fact reduced.

Our finding of increased STR density in IGRs neighboring recombination hotspots suggests that the association between microsatellite density and recombination in *S. cerevisiae* may principally result from contextual factors rather than a mutation bias or functional relationship. However, it is notable that the factors determining the locations of meiotic recombination hotspots are not fully understood in any species, and in *S. cerevisiae* some evidence suggests the possibility of a distal functional link between microsatellites and meiotic DSBs. One potentially relevant study showed inhibition of strand exchange and stimulation of double-crossover, with meiotic length instability, at a 39-copy poly-AC repeat inserted at the ARG4 recombination hotspot locus in *S. cerevisiae* ([@B27]). The idea that microsatellites could occasionally function as boundaries of strand exchange in general is therefore consistent with our observation of increased STR mutability in DSB hotspot-neighboring regions. Crossover tracts average 2 kb in *S. cerevisiae* ([@B57]), and ORFs are only around 1.5 kb on average, so microsatellites in hotspot-neighboring IGRs are not too far away to perform this function. However, if they do, it is unclear why their mutability is not increased within hotspots. A more plausible hypothesis is that they act at a distance to help modulate chromosome structure or behavior during meiotic processes that precede the initiation of recombination, though we know of no direct evidence for this.

A limitation of our analysis is that the genome sequence of our experimental Y55 yeast strain is around 1% different from the reference strain S288C and its relatives from which several of the functional datasets we used were derived ([@B67]). This is not an issue for the recombination hotspot data, since meiotic DSB hotspot locations and strengths are exceptionally well conserved among *S. cerevisiae* strains, and even related species ([@B68]). Replication origins are also highly conserved ([@B69]). Some evidence also indicates constraint of transcriptional frequency in *S. cerevisiae*. One study showed less than 2-fold divergence in the expression levels of \>94% of genes between a laboratory and a wild strain ([@B70]), and in a group of strains including Y55, much lower than expected variation in transcript abundance was found, leading to the inference that the vast majority of *S. cerevisiae* genes have bounded expression levels consistent with stabilizing selection ([@B71]). Evidence relating to non-coding transcription is more scarce, but it has been shown that CUTs, which were covered by the dataset we used from Xu *et al.* ([@B59]), are remarkably conserved, for example 64% of S288C CUTs are conserved in *Saccharomyces paradoxus*, a wild *Saccharomyces* species ([@B72]). Another limitation of our study was that we could not account for transcript stability/longevity, cautioning inference from transcript abundance to transcriptional frequency.

These limitations notwithstanding, the relatively strong effect of transcription we observed suggests that its link with microsatellite mutation, previously studied mainly in relation to disease-causing trinucleotide repeat expansions ([@B19]), also applies to commonly occurring shorter STRs. Given that the non-coding DNA of eukaryotic genomes in general is mostly transcribed on one or both strands ([@B73]), this result should have widespread relevance beyond yeast. Interestingly, we found that insertion mutations were particularly strongly predicted by transcript abundance (based on tiling array data) suggesting an important role in STR evolution. Transcriptional mutagenesis in general has been well described ([@B74],[@B75]), but mechanisms underlying the mutagenic effect of transcription on STRs are not completely understood. Another study in yeast, of a 31--35 bp poly-AC repeat, showed 4- to 9-fold destabilization in the presence of high levels of transcription, with evidence implicating increased polymerase error rate and also decreased mismatch repair efficiency ([@B76]). More detailed mechanistic studies have been done on trinucleotide expansion mutations. These have implicated interactions between transcription, abnormal DNA structures, such as hairpins, slipped-strand duplexes, guanine quartets, triple-helices and Z-DNA, and replication timing ([@B19]). Explanations involving non-B-DNA structure may be less applicable to our data; however, since longer microsatellites are expected to form non-B-DNA structures more readily ([@B77],[@B78]), and we observed that the association between mutability and transcription is slightly weaker for longer microsatellites. Evidence showing that transcription can impair interactions between microsatellite DNA and mismatch repair proteins ([@B76]) suggests that its mutagenic mechanism may involve intra-strand loops and/or inter-strand misalignment. However, given that the incidence of strand slippage/loop formation in general is also expected to increase with STR length, our results may suggest the involvement of other processes. We found no statistical interaction between transcription and number of promoters per IGR, which might be expected if collision between transcription complexes were a significant factor. Other possibilities could include interaction between STRs and nascent mRNA ([@B48]), since DNA--RNA hybrids formed during transcription (R-loops) are known to have mutagenic potential ([@B79]). One way to investigate this further would be to compare the strength of the mutagenic effect of transcript abundance with that of transcriptional frequency ([@B48]). Another possible mechanism is mutagenic collision between transcription and replication ([@B48],[@B79]), but we only found a very weak interaction between distance to nearest origin of replication and transcript abundance when predicting mutational frequency. In view of the predominance of poly-AT in our dataset, it is also worth mentioning that these microsatellites can form cruciform or stress-induced duplex destabilized DNA structures, depending on conditions ([@B80]). Some evidence suggests that the latter could function to relieve the positive supercoiling generated ahead of a processing RNA polymerase, and also help terminate transcription ([@B81],[@B82]). Presumably these processes could create additional opportunities for STR mutations caused by strand misalignment. Finally, evidence that transcription may promote mitotic recombination and associated repair pathways is also notable, since these can be error prone ([@B83]). However, we found no significant statistical interaction between transcript abundance and sexual capability.

The widespread complexity in the relationships between transcription, recombination and STRs revealed here contrasts sharply with the traditional view that microsatellites are simple sequences that evolve simply. Historically, a lack of adequate methods for rigorously testing diverse evolutionary mechanisms on genome-wide scales has been partly responsible for the longevity of this view. Now, however, the ever-improving throughput, accuracy and affordability of technologies for sequencing and genetic engineering are rapidly reducing the challenges of further resolving the complex mechanisms underlying the prevalence of STRs in yeast and higher eukaryotic genomes.
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